Abstract: Molecular orientation of dyes must be one of the important factors for designing dye-sensitized solar cells (DSSC). As model systems, we have prepared new hybrid materials composed of azobenzene (AZ) and chiral Schiff base Cu(II) complexes (pn(S)Cu and pn(R)Cu) in polymethyl methacrylate (PMMA) cast films. In addition to experimental results, in order to understand their behavior due to anisotropic alignment of them by linearly polarized UV light irradiation, the so-called Weigert effect, we treated theoretically and discussed based on computational chemistry and mathematical treatments (MD simulation and Bayesian statistics).
Introduction
In recent years, dye-sensitized solar cells (DSSCs) are important and promising renewable energy devices applying organic dyes. There are some current requirements of this technology with some recent outcomes in this field, such as (i) replacement of organic electrolytes [1] with aqueous ones [2] ; (ii) use of bio-sourced materials [3, 4] ; and (iii) increase of stability through polymer electrolytes [5, 6] .
For about a decade, we have systematically investigated photofunctional organic/inorganic hybrid materials containing photochromic organic dyes, such as azobenzene (AZ) [7] [8] [9] [10] [11] , disperse red 1 [11] , spiropyran [12, 13] , and inorganic metal complexes, such as (chiral) Schiff base [14] [15] [16] [17] [18] (especially related to salen-type [19] [20] [21] [22] ) or other magnetic complexes [23] [24] [25] [26] [27] . To form hybrid systems in the solid state, in addition, polymer matrix, e.g., polymethyl methacrylate (PMMA) or polyvinyl alcohol (PVA) [23, 28] , were also employed. The hybrid systems could be enriched with photo-switching functions by photochromic organic compounds that were exhibiting various structural or electronic properties. Such materials are also possible to examine optical anisotropy with large degree of freedom due to the Weigert effect after linearly polarized UV light irradiation, similar to azo-containing polymers [29] or liquid crystals [30] . Thus, two kinds of light-irradiation methods (Weigert effect is only polarized UV light, while photoisomerization is alternate UV and visible light) are expected for these materials. In recent years, separated system of AZ and complexes as well as complexes having ligands of azobenzene-moiety were prepared. Among them, the types of Schiff base complexes, their central metal ions, stereochemical conformation deriving from ligands, or chirality (achiral meso-form, racemic ones, or optically active enantiomers), and intermolecular interactions between the solutes may be the dominating factors for controlling photo-induced molecular orientations.
By the way, to improve the photovoltaic performance of DSSC based on dyes, dye aggregation [31] , in other words, mutual alignment [32] or orientation [33] of dye molecules, may be an essential factor to design good devices beyond molecular level (adsorption on surface [34] ) material design. Hence, even if employing the identical dyes, the performance may depend on molecular orientation of dyes, as well as their optically effective intermolecular interaction [35] .
From this viewpoint of oriented dyes and chiral solutes [36] , herein we prepared new organic/inorganic hybrid systems containing azobenzene (AZ) and sterically small chiral Schiff base Cu(II) complexes (pn(S)Cu and pn(R)Cu) in PMMA cast films (Figure 1) . Besides, linearly polarized light induced molecular orientation like a previous study [19, 22, [31] [32] [33] , their mathematical treatments in Bayesian statistics [34, 35] , and molecular modeling assuming in PMMA matrix by means of molecular dynamics (MD) simulation [37] will be mentioned. 
Results

Preparations of Chiral Cu(II) Complexes and Photofunctional Hybird Mateirals
As for solely metal complexes, Figure 2 depicts circular dichroism (CD) and UV-vis spectra of pn(R)Cu and pn(S)Cu to confirm that they are enantiomers because of symmetric CD curves. With the aid of DFT calculations of the related complexes [20] [21] [22] , the d-d, CT, and π-π* bands due to electric dipole transitions at about 550 nm, 400 nm, and 260 nm in UV-vis spectra (and also the corresponding CD spectra with slight deviation due to magnetic dipole transitions) could be assigned reasonably. Figure 3 exhibits the magnetic properties of pn(S)Cu [22] , which indicates that it is merely a mononuclear Cu(II) complex of 3d 9 configuration with S = 1/2 typically. . Because they are in the solid state, the artifact peak of LD and CD should interfere the observation of pure CD peaks [36] . However, qualitatively, opposite enantiomers and racemic materials indicated reasonable peaks, respectively. Additionally, Figure 5 depicts change of magnetic property of pn(S)Cu+AZ+PMMA before and after (natural, not polarized) UV light irradiation for 15 min. Moreover, the cis-trans photoisomerization of AZ results in molecular mobility or motion in the PMMA matrix. This results in the intermolecular interactions decreasing the order and the aggregation in restricted environment (free volume) of PMMA films, which will be discussed with MD molecular modeling in a later section. It is examined that photoisomerization of AZ from trans-form to cis-form also resulted in slight increasing of magnetization [24] [25] [26] . The ∆M value increases smoothly to a maximum value at 6.8 K, and then decreases sharply and reaches a minimum value at 2.1 K. The behavior supported the appropriate formation of hybrid materials, in other words, suitable dispersion and intermolecular interaction among the solutes.
Polarized UV Light Induced Molecular Alignment
The previous studies showed experimentally and discussed with computational chemistry [18, 20] . Linearly polarized UV light irradiation leads to enhanced anisotropic molecular orientation, not only AZ directly, but also the complexes though intermolecular interaction in the PMMA matrix. In order to compare the degree of enhancing molecular orientation for AZ dyes and metal complexes, we compared polarized electronic spectra (some bands of dyes and complexes are overlapped) and polarized IR spectra (most of peaks are separated) for the hybrid materials. Figures 6 and 7 depict polarized IR or UV-vis spectra for pn(R)Cu+pn(S)Cu+AZ+PMMA and angular dependence of spectral intensity during rotation of polarizers, respectively. The C=N band and d-d band were shown for polarized IR spectra [38] and UV-vis spectra [39] , respectively. Because these bands belong to metal complexes, the indirect interaction to them, differing from direct Weigert effect to AZ, were reflected surely. However, the corresponding circularly polarized UV light did not induce supramolecular alignment of metal complexes clearly [29, 30] . For discussion of the Weigert effect, namely, the orientation of dyes in general and among many methods, we employed conventional polarized absorption spectra, and these two parameters (R and S) for the degree of photo-induced optical anisotropy, in other words, spectral dichroism [11] :
where A 90 and A 0 denote the absorbance measured with the measuring polarizer perpendicular and parallel, respectively, to the electric vector of irradiation polarized light. For both polarized UV-vis and IR spectra, the ideal isotropic systems of S = 0 and R = 1 and both S and R parameters are changed as dichroism by molecular alignment increases. It is well known that the trans-form is more stable than the cis-form. Within 3 min irradiation, optical anisotropy due to Weigert effect were saturated, in which most of AZ molecules may afford the cis-form. Detected with polarized UV-vis spectra, (R and S) values at 3 min are (0.70 and −0.11), (0.62 and −0.14), and (0.63 and −0.14) for pn(R)Cu+AZ+PMMA, pn(S)Cu+AZ+PMMA, and racemic pn(R)Cu+pn(S)Cu+AZ+PMMA, respectively. In contrast, detected with polarized IR spectra, (R and S) values at 3 min are (1.10 and 0.032), (1.10 and 0.033) and (1.07 and 0.023) for pn(R)Cu+AZ+PMMA, pn(S)Cu+AZ+PMMA, and racemic pn(R)Cu+pn(S)Cu+AZ+PMMA, respectively.
Discussion
Bayesian Statistics for Data Smoothing
As mentioned in a previous section, polarizer angular dependence of spectral intensity sometimes exhibits scattering significantly, which may lead to varying the R and S values widely. Hence, Bayesian statistics [37] is applied to confirm the accuracy of the data in this study, as follows [38, 39] .
Bayesian Theorem
When making two phenomena E (experiment) with T (theory), the combination probability p (T, E) is expressed by a product of probability p(T) around 1 phenomenon [or, p(E)] and other ex post facto probability p(E|T) [or, p(T|E)].
The probability of previous phenomenon T that phenomenon E occurs (preliminary probability) p(E): The probability of the previous phenomenon E that phenomenon T gets up (preliminary probability) p(E|T): The probability of phenomenon E in later that phenomenon T got up (ex posto fact probability or conditional probability) p(T|E): The probability of phenomenon T at the back that phenomenon E has occurred (ex posto fact probability or conditional probability) When theory T is granted from the special system, one can understand ex posto fact probability p in T (T|E) [the back probability that an experimental result was understood] to be proportional to a product of preliminary probability p (T) in T [the previous probability that an experimental result is understood] and ex posto fact probability p (E|T) of an experimental result.
p(T|E) F∞p(T)p(E|T) ()
Application of Bayesian Theorem
(1) A precondition: Inference of an anisotropy parameter of the phenomenon that forms by a fixation probability.
1.
A phenomenon generates time t in fixation probability R ∆t between minute time ∆t which divided the m time.
2.
The phenomenon of which n is independent is observed in time t i (i = 1, ..., n).
(2) Bayes inference
1.
Reverse ex posto fact probability after the first phenomenon occurrence.
2.
The probability that a change in anisotropy occurs to a m time trial and it doesn't occur just before it. 3.
∆t gets a limit of 0, m is infinite, p, p considers that 0 (RR) is a scale factor.
4.
When a phenomenon of a n time trial was observed in time t n . 5.
A mean of observed time interval is <t>, and the special system is integrated.
Further, a histogram/an accumulation distribution map for the experimental values was made. The probability density distribution function was calculated Bayesian theorem and this and the histogram made from experimental value/an accumulation distribution map was compared. In case of n = 4, a thing with the distribution near mutual knew the function concerned from in case of the compound material (pn(R)Cu+AZ+PMMA) and the frequency of the measurement (0.74). In the case of n = 3, a thing with the distribution near mutual knew the function concerned from in case of the compound material (pn(R)Cu+pn(S)Cu+AZ+PMMA) and the frequency of the measurement (0.65) ( Figure 8 and Table 1 ). The thing to which nearby assessed value could be expressed is suggested by the parameter distributed, which becomes the dimension of the anisotropy parameter from the above. 
MD Modeling of Hybrid Materials
Intermolecular interaction between the solute molecules strongly influenced the environment in a surrounding polymer matrix [40, 41] In particular, it is important that intermolecular interactions are decreasing the order and the aggregation in restricted environment (free volume) of polymer films [42] . An orientation order and organization of the systems were examined by polarized spectroscopy, a statistical method (mentioned in a previous section), and molecular dynamics (MD) method [43] , as following steps ( Figure 9 ).
1.
Systems 1, 2, 3 were modeled and calculated by a molecular dynamics method. After it is also judged as the one from temperature control (298 K) from the convergence situation of the energy. It was confirmed that a modeling of the system is proper.
2.
Optically anisotropic of systems 1, 2, 3 were analyzed.
(1) Analysis result of system 1 (AZ+PMMA)
The molecule AZ was aligned under applied electric field. Optically anisotropy of 1 is larger than that of 2 and 3.
(2) Analysis result of system 2 (pnCu(S)+PMMA) Molecular orientation in pnCu(S) underwent influence of applied electric field small, but it is begun from V = 10. A change wasn't indicated. Optically anisotropic decreased and didn't change from V = 10 as the whole system. AZ decreased as the details of the change in optically anisotropy, pnCu(S) is system 2. The Weigert effect of AZ could be assumed to occur within this timescale [42] . The effect of reorientation is for the one of the pnCu(S) molecules, which was not the driving force of a change of orientation.
According to the electric field that is applied (x-direction), the change in the size of the transition electric dipole moment of each system was analyzed (as a whole breakdown of the System 3, AZ, and pnCu(S) shown). In addition, the transition electric dipole moment of each system is the vector sum of the transition electric dipole moment of the individual molecules. The size of the transition electric dipole moment is standardized as a reference to the value at the time of the electric field 0. Dichroism is caused by an alignment of the dipole moments of the azo-compounds perpendicular to the polarization direction of irradiation polarized light [44, 45] . Assuming molecular dipole moment of AZ or the related complexes based on calculations [46, 47] as not photo-excited state [48] , but merely ground state, expected total dipole moment were also confirmed to be aligned in the same direction in a qualitative manner as time advances in MD simulations (not shown). 
Materials and Methods
To a solution of 3,5-dichlorosalicylaldehyde (0.1910 g, 1.00 mmol) dissolved in methanol (50 mL), (S) or (R)-2-aminopropane (0.1272 g, 1.00 mmol) were added dropwise and stirred at 313 K for 2 h to give an orange solution of ligand. Copper acetate (II) acetate tetrahydrate (0.1244 g, 0.500 mmol) was added to the resulting solution to give an orange solution of the complex. After stirring for 2 h, this crude orange compound was filtered to give green microcrystals. pn(S)Cu: Yield: 38 Elemental analyses were carried out with a Perkin-Elmer 2400II CHNS/O analyzer (Perkin-Elmer, Waltham, MA, USA) at Tokyo University of Science. Infrared (IR) spectra were recorded on a JASCO FT-IR 4200 plus spectrophotometer (JASCO, Tokyo, Japan), equipped with a polarizer in the range of 4000-400 cm −1 at 298 K. Absorption electronic spectra were measured on a JASCO V-570 spectrophotometer equipped with a polarizer in the range of 900-200 nm at 298 K. Circular dichroism (CD) spectra were measured on a JASCO J-725 spectropolarimeter in the range of 800-200 nm at 298 K. Magnetic properties were investigated with a Quantum Design MPMS-XL superconducting quantum interference device magnetometer (SQUID, Quantum Design, San Diego, CA, USA) at an applied field 5000 G in the temperature range 2-300 K. The diamagnetic correction was carried out by using the Pascal constants. Photo-illumination was carried out using a lamp (1.0 mW/cm 2 ) with optical filters (UV λ = 200-400 nm) and a polarizer.
Modeling of target molecules was carried out using above-mentioned quantum chemical methods. After confirming the convergence of energy of modeling structure by gradient descent method, MD simulation was performed using GROMACS (Ver. 5.0.4, University of Groningen, Royal Institute of Technology, Uppsala University, Groningen, The Netherlands) [49] .
Conclusions
In summary, as a basic model system of orientation effects containing multiple (colourful) DSSC dyes [50, 51] , chiral Schiff base Cu(II) complexes and AZ were also observed their increase in optical anisotropy as organic/inorganic composites in PMMA films. We have tried the observation of optical anisotropy by polarized UV light irradiation and the new theoretical approaches for appropriate treatments. Intermolecular interaction and mechanism concerning molecular orientation of solutes in PMMA were improved with the Bayesian theorem and simulated using MD modelling, respectively. Indeed, such intermolecular interaction between dye molecules should be important in co-sensitization [52] or other material design application (for example, donor-acceptor dye systems in polymers [53, 54] ) for DSSC.
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